We have developed a technology for fabrication of black − Si by use of the surface structure chemical transfer (SSCT) method. The ultralow reflectance below 3% results from formation of a graded porosity structure of a nanocrystalline Si layer formed by the SSCT method. The nanocrystalline Si layer with an extremely large surface area is effectively passivated by deposition of phosphosilicate glass (PSG) followed by heat treatment at 925 • C . After PSG passivation, the minority carrier lifetime greatly increases, and the internal quantum efficiency in the short wavelength region is also greatly increased. Using the SSCT method and the PSG passivation method, the high conversion efficiency of 19.7% is achieved.
Introduction
Black− Si attracts much interest mainly because of its ultralow reflectance which can apply to crystalline Si solar cells. Black− Si wafers have been produced using reactive ion etching [1] [2] [3] [4] , metal-assisted chemical etching [5] [6] [7] [8] [9] [10] , stain etching [11] , electrochemical etching [11, 12] , vapor chemical etching [13] , surface structure chemical transfer (SSCT) [14] [15] [16] , etc. Reactive ion etching [1] [2] [3] [4] requires an expensive apparatus, and throughput is considerably low, leading to high fabrication costs. Using stain etching, electrochemical etching, and vapor chemical etching, porous Si is produced [11] [12] [13] , resulting in ultralow reflectance, while high conversion efficiencies exceeding 17% have not been achieved most probably due to poor electrical characteristics of porous Si. Metal-assisted chemical etching [5] [6] [7] [8] [9] [10] mainly uses silver (Ag) particles on Si immersed in hydrofluoric acid (HF) plus hydrogen peroxide (H 2 O 2 ) solutions, and due to the promoted reaction by Ag, Ag moves into Si, forming cylindrical pore structure. The demerits of this method may be: (i) -difficulty of control of pore direction, (ii)-difficulty of complete removal of Ag, and (iii) -difficulty in the fabrication of high quality pnjunction, and (iv) -high surface area, resulting in high surface recombination rates. It is suggested that complete removal of Ag after formation of nanoporous black− Si structure is an important factor to increase the conversion efficiency [17] . Formation of uniform pn-junction in black− Si is also important for improvement of quantum efficiencies in the short wavelength region and the conversion efficiency [18] .
Although formation of nanostructures greatly decreases reflectance, their large surface area greatly increases surface recombination rates, leading to a decrease of the quantum efficiency in the short wavelength region and to a reduction in the photovoltage. For surface passivation of black− Si, formation of an SiO 2 layer [5, 10] , deposition an Al 2 O 3 layer [2, 4, 8, 19] , and deposition of silicon nitride (SiN) layer [1, 3, 6] have been investigated. Another method to decrease the surface recombination rate utilizes wet chemical etching to enlarge pore sizes [5, 9] . Matsumura et al , [20] removed the cylindrical pore layer formed on multicrystalline Si (multi− Si) wafers by alkaline etching. After alkaline etching, pn-junction can be produced but the reflectance becomes considerably high, ie higher than 10%. Similar technique is applied to multi− Si wafers produced by the fixed abrasive technology, and 18.3% conversion efficiency is achieved [21] .
The conventional method to form low reflectance Si wafers employs anisotropic etching using strong alkaline solutions such as KOH and NaOH with eg isopropanol [22, 23] . The anisotropic alkaline etching results in the formation of pyramidal structure because the etching rate of Si(111) surfaces is only thirty-fifth of that for Si(100) surfaces [24] . However, the anisotropic alkaline etching method cannot be applied to multi− Si wafers with various surface orientations. For multi− Si Si wafers, acid etching using HF plus nitric acid (HNO 3 ) aqueous solutions is used to form textured surfaces [25, 26] , but the reflectance cannot be decreased to less than 20%.
For slicing Si ingots to produce Si wafers for solar cell use, two different methods, ie the fixed abrasive grain method and the free abrasive grain method, have been developed. The fixed abrasive grain method can produce Si wafers with much higher fabrication rates. Therefore, for production of multi− Si wafers, the free abrasive grain technology is mainly used.
In the present study, a nanocrystalline Si layer is fabricated using the SSCT method, ie contact of Pt catalyst attached to a roller with Si wafers immersed in H 2 O 2 plus HF solutions. The nanocrystalline Si layer is passivated by deposition of a phosphosilicate glass (PSG) layer followed by heat treatment, which simultaneously forms pn-junction. The SSCT method can produce ultralow reflectance surfaces for both mono-crystalline Si (mono − Si) and multi− Si wafers produced with the fixed abrasive grain method.
Experiments
Two kinds of Si substrates, 725 µm-thick boron-doped p-type CZ Si(100) wafers with 3 ∼ 4 Ωcm resistivity and 190 µm-thick multi− Si Si wafers produced by the fixed abrasive grain technology, were used for starting materials. The Si wafers were cleaned using the RCA method. The rear Si surface was coated with a photoresist film, and then the Si wafers were immersed in a hydrogen peroxide (H 2 O 2 ) plus hydrofluoric acid (HF) aqueous solution at room temperature. A platinum (Pt) catalyst installed on a roller was contacted with the Si wafer and moved on it at 4 cm/s for 15 s. The pn-junction on the front Si surface and back-surface-field (BSF) on the rear Si surface were produced by deposition of phosphorus and boron compounds, respectively, followed by heat treatment at 925
• C in nitrogen for 30 min. A front Ag electrode was fabricated by use of Ag paste and a back Ag electrode was formed by the vacuum evaporation method. In some cases, a hydrogen treatment was carried under two different conditions: (i) -in 5vol% H 2 at 400
• C in for 10 min, and (ii) -in pure H 2 at 450
• C in for 30 min. Reflectance spectra were measured by use of a JASCO V-670 UV-visible spectrometer with an integrating sphere. Ellipsometry spectra were recorded using a Sopra GE-S5 ellipsometer. Scanning electron micrography (SEM) measurements were performed using a Hitachi HighTechnologies S-5500 microscope. Transmission electron micrography (TEM) measurements were carried out with a JEOL JEM-3000F microscope with 300 keV incident electron energy. Effective carrier lifetime was measured at an injection level of 10 15 cm −3 by use of a Sinton Instruments WCT-120 apparatus. Current-voltage (I-V) measurements were performed under AM 1.5 100 mW/cm 2 irradiation with a YAMASHITA DENSO YSS-50A solar simulator. Quantum efficiency was measured using a Bunkoukeiki BQE-100 spectrometer. Figure 1 shows the reflectance of Si wafers. The flat Si wafers possessed considerably high reflectance because of the difference in the refractive indexes between air (ie unity) and Si (5.57 at 400 nm, 3.94 at 600 nm, and 3.68 at 800 nm). After anisotropic KOH etching to form pyramidal textured Si surfaces on mono − Si wafers (curve a), the reflectance decreased to, eg 21% at 400 nm and 9% at 800 nm. For multi− Si wafers (curve b), the conventional acid etching method decreased the reflectance to eg 32% at 400 nm and 20% at 800 nm, which was approximately 10% higher than that for the pyramidal textured surfaces of mono − Si wafers. When the SSCT treatment was performed on mono − Si (curve c) and multi− Si (curve d) wafers, the reflectance of both kinds of wafers became less than 3% in the wide wavelength region between 300 and 800 nm. It should be noted that alkaline etching to form the pyramidal structure requires 20 ∼ 30 min, while the SSCT treatment period is only 15 s. It is also noted that conventional acid etching cannot form low reflectance textured surfaces from multi− Si wafers produced by the fixed abrasive grain technology. Figure 2 shows the cross-sectional SEM (micrographs a) and cross-sectional TEM (micrographs b and c) micrographs for the surface regions of mono − Si wafers after the SSCT treatment. Many pores formed by dissolution of Si during the SSCT method were observed in the nanocrystalline Si layer (micrograph a). The light color region of micrograph b is due to low density for the nanocrystalline Si layer. The color becomes darker with the distance from the surface, indicating that the density of the nanocrystalline Si layer increases with the depth.
Results
From the high resolution TEM micrograph c, it is clearly seen that the nanocrystalline Si layer possesses a network structure. All the Si nanocrystals have the same orientation, ie (100) orientation is perpendicular to the Si substrate surface-parallel direction for all Si nanocrystals. The single orientation means that no grain boundaries are present in the network structure of the nanocrystalline Si layer. Photo-generated electron-hole pairs have a high probability to recombine at defect states such as Si dangling bond states present in grain boundary regions [27] . The absence of grain boundaries avoids grain boundary recombination, leading to the high performance of the solar cells, as described later.
The nanocrystalline Si layer possesses extremely large surface area, leading to a high surface recombination rate. To achieve a high conversion efficiency from the nanocrystalline Si/crystalline Si solar cells, surface passivation for the nanocrystalline Si layer is indispensable. Figure 3 shows the minority carrier lifetime for the < nanocrystalline Si/mono − Si/nanocrystalline Si layer > symmetric structure. Without surface passivation, the minority carrier lifetime was only 21.7 µs. With conventional surface passivation using deposition of an SiN layer plus heat treatment, the minority carrier lifetime was nearly unchanged. By deposition of a PSG layer plus heat treatment at 925
• C, on the other hand, the minority carrier lifetime was greatly increased to 53.2 µs, and the subsequent hydrogen treatment at 450
• C further improved it to 87.6 µs. Figure 4 shows the I-V curves measured under AM 1.5 100mW/cm 2 irradiation for the < nanocrystalline Si/n + − Si/p− Si substrate/p + − Si> solar cells. The photocurrent density of 41.0 mA/cm 2 was considerably high, leading to the high conversion efficiency of 19.7%, in spite of simple solar cell structure without anti-reflection coating. It should be noted that the practical conversion efficiency of solar cells without antireflection coating is 0.4% higher than those with antireflection coating when both the conversion efficiencies measured with normalincident light are identical [4] . Figure 5 shows the internal quantum efficiency (IQE) of the < nanocrystalline Si/n + − Si/p− Si substrate/p + − Si> solar cells. Without surface passivation, IQE in the wavelength region shorter than 400 nm was nearly zero. With PSG plus hydrogen passivation, IQE in the short wavelength region greatly increased, eg 81% at 400 nm and 55% at 300 nm.
Discussion
The SSCT method forms a nanocrystalline Si layer, leading to ultralow reflectivity. To explain the ultralow reflectance, the optical model in which the nanocrystalline Si layer is divided into 19 layer is employed. The refractive index of each nanocrystalline Si layer can be estimated using the Bruggeman effective medium approximation (BEMA) [28] :
where f i is the void fraction of the i-th layer, and ε i , ε air , and ε m are the dielectric functions of the i -th nanocrystalline Si layer with void, air (ie 1) and the nanocrystalline Si layer without void, respectively. For estimation of the dielectric function of the nanocrystalline Si layer, ε m , the nanocrystalline Si layer is assumed to consist of 4.9 nm Si nanocrystals and Si bulk. The dielectric constant of 4.9 nm Si nanocrystals is calculated from TaucLorentz model [29] and Kramers-Krönig relation using Tauc-Lorentz parameters of 4.9 nm Si nanocrystal [30] .
(The presence of 4.9 nm nanocrystalline Si is evident from the measurement of photoluminescence spectra of the < nanocrystalline Si layer/mono − Si> structure with a peak at 705 nm [16] ). Figure 6 shows ε m of the nanocrystalline Si layer vs. the depth estimated from analysis of the ellipsometry data for the nanocrystalline Si/mono − Si structure. The refractive index is obtained with the following procedure: (i) -the relationship of the porosity with the depth is calculated using the ellipsometry data, and (ii) -the relationship of the refractive index with the depth is calculated from the porosity using the BEMA approximation. The porosity is found to decrease almost linearly with the depth, and the average porosity is 48% which is in good agreement with that estimated from the Si weight loss (ie 51%), making verification of the analysis method of the ellipsometry data. It is clearly seen that the refractive index monotonically increases with the depth, as shown in Fig. 7 . The step-like refractive index resulted from assumed step-like porosity of the nanocrystalline Si layer divided into 19 layers. Figure 8 schematically explains the mechanism of the ultralow reflectance of < nanocrystalline Si layer/crystalline Si> structure. Due to the average density continuously decreasing with the depth, the refractive index continuously increases with the depth. The reflectance, R , is determined by the refractive indexes, n 1 and n 2 , of the two adjacent phases and that for the normal-incidence is simply given by
ie the reflectance is determined by the difference of the refractive indexes. The refractive index of the topmost surface of the nanocrystalline Si layer is estimated to be 1.075 at a 400nm wavelength, which is close to that of air, and therefore, the reflectance at the surface is estimated to be only 0.13%. The reflectance in the nanocrystalline Si layer is estimated to be 0.29% at a 400 nm wavelength using the multiple reflection model [31] . Therefore, the reflectance at 400 nm is estimated to be 0.29%, in good agreement with the experimental value of 0.30%. The ultralow reflectance is attributable to the refractive index of the nanocrystalline Si layer continuously increasing with the depth. Figure 9 shows the models for the surface passivation method. In the case of the method of SiN deposition plus heat treatment, Fig. 9(a) , SiN does not penetrate into pores in the nanocrystalline Si layer. In the case of the PSG passivation method, Fig. 9(b) , on the other hand, PSG melts by the heat treatment at 925
• C, and fills pores, leading to formation of chemical bonds with nanocrystalline Si, and thus eliminating surface defect states such as Si dangling bonds. Since SiO 2 is the main composition of PSG, it is likely that the characteristics of the nanocrystalline Si/PSG interface are similar to those of Si/SiO 2 interface with an ultralow interface state density [31] . Analysis of ellipsometry data clarifies that incident light with wavelength shorter than 400 nm is almost completely absorbed by the nanocrystalline Si layer [16] . Therefore, to obtain a high conversion efficiency from the < nanocrystalline Si layer/crystalline Si> solar cells, electron-hole pairs generated in the nanocrystalline Si layer should contribute to a photocurrent. This requirement is satisfied with the solar cells fabricated in the present study for the following reasons: (i) -no grain boundaries are present in the nanocrystalline Si layer, and thus, no grain boundary recombination proceeds, (ii) -surface defect states are effectively passivated by PSG plus hydrogen passivation, (iii) -the nanocrystalline Si layer possesses a graded band-gap structure which enhances separation of photo-generated electron-hole pairs.
Because of the ultralow reflectance and the effective surface passivation of the nanocrystalline Si layer by use of PSG, the high conversion efficiency of 19.7% has been achieved in spite of the simple solar cell structure without anti-reflection coating.
Conclusion
Ultralow reflectance of crystalline Si is achieved by formation of a nanocrystalline Si layer on the Si substrate by use of the SSCT method. The nanocrystalline Si layer possesses porosity decreasing with the depth, and thus, the refractive index of the nanocrystalline Si layer increases with the depth. Due to the absence of a surface and an interface where the refractive indexes of adjacent phases are largely different, the ultralow reflectance less than 3% is achieved. A PSG layer formed for formation of pn-junction has an effective surface passivation effect for the nanocrystalline Si layer. With PSG passivation, IQE in the short wavelength region below 400 nm is greatly improved, and a short circuit photocurrent density of 41.0 mA/cm 2 is achieved, leading to the high conversion efficiency of 19.7%.
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